A comparison between the density in surrounding galaxies today and a few billion years ago provides a new upper bound on neutrino mass. Neutrinos are infamously lightweight particles that are near impossible to detect, let alone place on a scale. Yet our most basic model for understanding the symmetries of matter and particles rests on an accurate measure of the neutrino masses.
parity (CP) symmetry as is the case for quarks? What is the origin of their mass? What role did they play in the early evolution of the Universe that explains the excess of matter over antimatter that we now observe? Addressing these questions through all possible experimental techniques gives us an opportunity to probe new sectors of particle physics.
Over time, experiments have yielded various bounds on neutrino masses. For example, the probability of flavor oscillation for solar or atmospheric neutrinos gives access to two mass square differences, but such results provide a lower bound on only two out of the three masses, and no upper bound on any of them. Currently, the lower bound on the largest neutrino mass is 0.05 eV. Tritium beta decay experiments are able to provide an upper bound on the sum over the three neutrino masses, M ν , but it is still on the order of 7 eV [2] . Germany's KA-TRIN experiment, a next generation tritium beta-decay experiment starting in 2012, could tighten this bound by another order of magnitude.
Cosmological observations provide independent constraints on the neutrino mass scale almost for free. Indeed, the primary goals of space-based and groundbased experiments that map cosmic microwave background (CMB) anisotropies and the large scale structure of the Universe are to understand its global evolution from very early times to today, and to probe the nature of dark matter and dark energy. Without any further efforts, the same experiments return an estimate (or, currently, an upper bound) on M ν .
It may sound paradoxical that the mass of the lightest known particles can be inferred from information on the global Universe evolution. The reason is that neutrinos were produced very abundantly at early times. Today, despite the diluting effects of an expanding universe, we are, on average, immersed in a background of 339 relic neutrinos per centimeter cube. If all neutrinos had a mass of 0.05 eV, they would sustain about one per cent of the total mass of the Universe.
CMB observations provide precise measurements of the evolution and composition of the Universe starting from a time when its temperature was roughly one million kelvin (i.e., a thermal energy of just under 100 eV). In such conditions, neutrinos would be considered ultrarelativistic and the radiative background consisting of (at least) photons and neutrinos would have dominated the density of the Universe. Today, the average temperature is as low as 2.726 K, meaning that typical relic particles with a mass greater than 10 −4 eV are nonrelativistic. Hence neutrinos should be counted in the budget of nonrelativistic matter today, while they would be classified as relativistic matter in the past. Such a "leak" from one category to the other is a rather specific effect of a neutrino having a small, but finite mass. By measuring the time of matter-radiation equality and other parameters, CMB observations can probe this leak and provide a bound on the total mass. For example, current data from the Wilkinson Microwave Anisotropy Probe (WMAP) satellite indicate that M ν < 1.3 eV [3] , while the same data combined with other probes of the background cosmological evolution yield M ν < 0.58 eV.
This rather indirect measurement is subject to an issue of parameter degeneracy that limits the bounds on M ν : the effect of one cosmological parameter (in our case, of M ν ) on the CMB can be mimicked to some extent by the variation of other parameters. This will occur if the data is not precise enough, or if one assumes a very general cosmological model with many free parameters.
Cosmological observations could provide robust and accurate bounds only if there were a more direct signature of neutrino masses. By chance, such an effect exists and was already described by theorists in the 1980s [4] . Structures like galaxies and clusters were formed by gravitational collapse, between the time at which the Universe became transparent and today, at a rate governed by the balance between gravity and cosmological expansion. Cosmological expansion increases all distances, weakens gravitational interactions, and slows down the formation of structures. Since massive neutrinos contribute to the total density of the Universe, they tend to increase the expansion rate. However, on small length scales, they do not contribute to gravitational collapse. (Neutrinos have a large velocity dispersion, which prevents them from falling in potential wells below a characteristic distance called the freestreaming length.) On short length scales, neutrinos that have mass tip the balance towards less gravity and more expansion, slowing down the rate at which structures form and making them less abundant than they would be in a Universe with massless neutrinos. This effect is cumulative over time and is sensitive to very small neutrino masses. For instance, if the total neutrino mass was close to 0.05 eV (the minimum allowed value), neutrinos would contribute at most 0.4% [8] . The colors account for the density of ordinary (baryonic) matter in one slice of the simulation box [9] . The two simulations started from the same initial conditions, with either M ν = 0 (right) or M ν = 1.9 eV (left). In the massive neutrino case, matter is spread over a larger number of structures and there is less density contrast. (The unrealistically large neutrino mass of 1.9 eV was chosen so as to make the comparison clear.) (Illustration: Courtesy of Shankar Agarwal and Hume Feldman, University of Kansas; submitted to Mon. Not. R. Astron. Soc.) of the energy density during structure formation and would only suppress the growth rate of structures by a tiny amount at a given time. But after a few billion years, even this tiny effect on structure formation would reduce the squared variance of density inhomogeneities by as much as 3.5% (see Ref. [5] for a review). The numerical simulations displayed in Fig.1 illustrate this effect.
These arguments mean that a careful study of the formation rate of structures in the recent past of the Universe offers a unique opportunity to measure the absolute neutrino mass scale. The work by Thomas et al. represents an important step forward in this direction. Similar analyses were carried out in the past, but not with such suitable data. Thomas et al. based their estimates on a new three-dimensional map of galaxies that they reconstructed using the Sloan Digital Sky Survey data, taken with the telescope at the Apache Point Observatory in New Mexico, US. The use of so-called "photometric redshift estimates" allowed Thomas et al. to build a map on much larger scales than before, providing an indication of the distribution of structures not only in a recent past but also a few billion years ago when the most remote galaxies in this map emitted the light that we observe today.
The data are particularly appropriate for testing the impact of neutrino masses on the formation rate of structures, both on length scales smaller and larger than the neutrino free-streaming scale. In combination with WMAP and other probes of the background cosmological evolution, the analysis of this new data provides an upper bound of M ν < 0.28 eV at a 95% confidence level-twice smaller than without galaxy data. Moreover, because the galaxy data directly probe the freestreaming effect of neutrinos during structure forma-tion, they are less subject to parameter degeneracies involving the total neutrino mass compared to other cosmological observables.
This new result is an encouraging milestone. Surveys designed to map the distribution of structure over a wider range of length scales and times, such as weak lensing, cluster catalogues, Lyman-alpha forests in quasar spectra, and 21-cm emission line surveys, will push this progress along. (see, e.g., Refs. [5, 6] ). At the same time, numerical predictions of the effect of neutrino masses on the clustering of small-scale structures are making a good deal of headway [7, 8] . Within one decade, cosmological observations should be able to detect the absolute neutrino mass scale, even if the heaviest mass is close to 0.05 eV. Ultimately, 21-cm surveys could reach an exquisite level of precision and be sensitive to the splitting of the total neutrino masses between the three mass states.
These new bounds will always remain complementary with laboratory experiments, since they probe different quantities (namely, the masses, independently of mixing angles or CP phases) with completely independent systematic errors. In this sense, neutrino physics offers a remarkable example of the interplay between observational cosmology and particle physics.
